Bone mineral density is directly proportional to compressive strength, which affords an opportunity to estimate in vivo joint load history from the subchondral cortical plate of articular surfaces in isolated skeletal elements.
Introduction
Joints are a crucial adaptation in the vertebrate bauplan as they create greater capacities for performing movements. A segmented skeleton creates additional functional challenges, however, such as the need to transfer mechanical loads across joints. Although direct measurement of in vivo mechanical load is possible for certain parts of skeletal elements, such as long bone diaphyses (Lanyon et al. 1975; Burr et al. 1996; Demes et al. 1998 Demes et al. , 2001 , the use of strain gauges or load cells to measure in vivo forces in joint surfaces would compromise their structural integrity by disrupting articular cartilage. Thus, alternative methods are required for estimating force transmitted through articular surfaces.
The magnitude of force that crosses a joint often is assessed by quantifying trabecular architecture underlying the subchondral bone of an articular surface (e.g. Fyhrie & Carter, 1986; Carter et al. 1987 Carter et al. , 1989 Pidaparti & Turner, 1997; Fajardo & Müller, 2001; Ryan & van Rietbergen, 2005) . Relatively less attention has been directed toward subchondral cortical bone of a joint (but see Müller-Gerbl et al. 1989 , 1990 , 1992 Eckstein et al. 1995 Eckstein et al. , 1999 . Because compressive strength of bone is directly proportional to its mineral content (Vose gous to measures of apparent density because internal spaces are included, i.e. bulk mass per unit volume. CT-OAM has proven to be quite successful in assessing 'long-term stress distribution in the subchondral bone' (Eckstein et al. 1999: 96) , as indicated by its adoption in subsequent clinical studies of human shoulder (Müller-Gerbl et al. 1990; Oizumi et al. 2003) , elbow (Eckstein et al. 1995) , wrist (Iwasaki et al. 2000; Hoogbergen et al. 2002; Giunta et al. 2004) , metacarpophalangeal (Meirer et al. 2004 ), hip (von Eisenhart-Rothe et al. 1997 ), knee (Müller-Gerbl et al. 1992) , ankle (Müller-Gerbl et al. 1989 ) and tarsometatarsal joints (Linsenmaier et al. 2003 ).
Several studies have noted an association between bone mineralization and human performance activities (e.g. Kannus et al. 1994; Haapasalo et al. 1998; Heinonen et al. 1998; Kontulainen et al. 1999; Taaffe & Marcus, 1999; Proctor et al. 2002; see recent review in Pearson & Lieberman, 2004) . Fewer studies, by comparison, have investigated analogous relationships among non-human primates (e.g. Burr, 1979a,b; Schaffler & Burr, 1984; DeRousseau, 1988; Ahluwalia, 2000; Carlson, 2002 Carlson, , 2003 Kikuchi et al. 2003; Patel & Carlson, 2005) .
Non-human primates exhibit a wide spectrum of locomotor behaviours that potentially involve vastly different loading regimes. For example, forelimbs can be used to support body mass above substrates, or to suspend body mass beneath superstrates (Hunt et al. 1996; Fleagle, 1999) . Primate locomotor diversity therefore provides a 'natural experiment' for assessing subchondral apparent density in relation to habitual loading in forelimb joints.
By extending CT-OAM beyond human clinical research, issues regarding primate locomotion and bone material properties can be addressed. Supporting body mass above substrates, on the one hand, creates predominantly compressive loads during quadrupedalism owing to joint reaction forces arising both from contraction of muscles that bridge the joint and from gravitational forces operating on the supported body mass. Suspending body mass from superstrates, on the other hand, restricts joint reaction forces generated from forelimb compressive loads primarily to those originating from muscle contractions. Humans are unique among primates as the adoption of a habitual bipedal gait frees the forelimb from any body mass support function, leaving only joint reaction forces that arise from muscle contractions.
The distal radius is a critical location in which to investigate the transmission of force through the forelimb because among many vertebrates, particularly primates, it contributes a majority of the forearm articular surface in the wrist joint. The wrist (i.e. radiocarpal joint) has more congruous articular surfaces in comparison with other forelimb joints (e.g. the elbow), thus minimizing the presence of bending loads experienced by subchondral bone and warranting application of the CT-OAM approach (Eckstein et al. 1999) . Given the diverse array of behavioural repertoires exhibited by free-ranging non-human primates (e.g. quadrupedalism vs. suspensory locomotion), subchondral apparent density of the distal radius may be quite variable among taxa. The goal of the present study is to evaluate the primate distal radius for patterns in such potential variation. This will improve current understanding of habitual loading and force transmission through the primate wrist by providing additional data on morphological manifestations of habitual forelimb loading regimes.
Two specific questions are addressed here. Acknowledging that some intragroup variation in apparent density may be expected as a result of demographic factors such as age and sex, do groups characterized by relatively more habitual compressive forelimb loading (e.g. quadrupedal primates) exhibit more area of high apparent density, whereas groups exhibiting relatively less habitual compressive forelimb loading (e.g. suspensory and bipedal primates) exhibit less area of high apparent density? In addition to comparing the extent of areas of high apparent density, distribution of such areas may differ between groups. Thus, the second question is whether groups such as quadrupedal primates that experience more habitual forelimb compressive loads display more concentrated areas of high apparent density in the distal radial articular surface, whereas groups such as suspensory and bipedal primates that experience less habitual compressive forelimb loads display more diffuse areas of high apparent density?
Materials and methods

Sample selection
The comparative sample consisted of 55 right radii from adult specimens (Table 1) . Only specimens that exhibited epiphyseal closure on all observable long bones were used. Growing individuals normally exhibit lower apparent density of bone than adult individuals based on age differences alone (Martin et al. 1998; Currey, 2002) . Of the available adult specimens, specimens exhibiting signs of degenerative joint disease (e.g. osteophytes around articular margins, eburnation on articular surfaces or marginal lipping of joints) were avoided (Ortner & Putschar, 1981) . Osteophytes are particularly diagnostic of osteoarthroses (OA) (Amir et al. 1992) . Specimens also were excluded when exhibiting traumatic injury in the postcranial skeleton; when distal radial articular surfaces were abraded postmortem; and when specimens were excessively greasy.
The presence of significant grease can alter optical density values acquired through radiography (Ruff & Leo, 1986) . Females and males were pooled within taxa for two reasons. First, sexual dimorphism in behavioural repertoires within quadrupedal, suspensory or bipedal taxa is not as distinct as behavioural differences between females or males of any two of these taxa (Fleagle, 1999) . Furthermore, specimen sex was not always reported in museum records, nor was it estimated readily from skeletal indicators in monomorphic primate taxa (e.g. Hylobates ).
Digital data acquisition
Medical CT was used to generate digital images of distal radii. A GE Lightspeed 16 medical CT scanner was used to acquire data from a majority of the samples, while a second scanner was used for acquiring data from four Pongo pygmaeus specimens (Siemens Somatom AR™). Relevant scanning parameters on GE/Siemens scanners included tube voltage, 120 kV/110 kV; tube current, 70 mA/63 mA; and scan time, 1.0 s/1.3 s. All radii were scanned and reconstructed such that only one radius appeared within the field of view (FOV). This was necessary as optical density values were desired and inclusion of more than one specimen within the FOV potentially lessens the range of grey values representing a specimen. In other words, when two specimens are included within the FOV, only one specimen will establish the maximum grey value. All image reconstructions were made using a standard reconstruction algorithm (e.g. abdomen) rather than a bone algorithm.
We chose a standard algorithm because bone algorithms artificially inflate Hounsfield units of pixels at steep gradients (i.e. bone edges), which in turn would alter optical densities.
We used the following slice thicknesses during image data acquisition: GE (0.625 mm) and Siemens (1.0 mm).
Ideally, slice thickness could be held constant to promote similar precision in modelling articular surfaces, but different manufacturer specifications often require different slice thicknesses, as was the case here. The FOV was minimized to the maximum extent possible while safely ensuring that complete articular surfaces were captured: values ranged from 95 to 100 mm for all but three specimens Pongo . We recommend using the minimum allowable slice thickness and FOV values in order to partition articular surfaces into as many pixels as possible. This is useful for identifying precise differences in apparent density patterns, as well as for identifying bone-air boundaries when using a standard filter.
A sheet of foamed polystyrene (e.g. Styrofoam®)
3.0 cm in thickness was placed directly on the scanner bed, levelled with standard built-in devices available in CT scanners (i.e. lasers or lights), and temporarily attached to the bed so that further positioning could be accomplished from the scanner console. Bones were positioned on the levelled sheet such that their distal articular surface was perpendicular to the scan plane.
Thus, scan planes effectively became sagittal planes of diaphyses rather than coronal planes (for further details see Ahluwalia, 2000) . 
Image analysis
Digital images were imported into ImageJ software, which is available as a free download at http:// rsb.info.nih.gov/ij. The distal articular surface of the radius was cropped from each image in a series such that most underlying trabecular bone was excluded from analyses ( Although some trabecular bone immediately underlying the subchondral cortical plate could not be excluded during subsequent steps, this would not factor into MIP brightness values as trabecular bone is known to exhibit lower apparent density than (subchondral) cortical bone (Martin et al. 1998 ).
After generating the MIP, optical density patterns were visualized using false-colour maps restricted to eight colours (Fig. 2) (Martin et al. 1998 ).
identifying articular surface boundaries in false-colour maps. Once an articular surface was identified in an MIP, extraneous areas of the MIP were removed by using manual eraser tools available in Adobe®
Photoshop®. Subsequently, MIPs were subjected to pixel counting procedures.
Statistical analysis
In order to assess the size and concentration of areas of high apparent density, MIPs were compared between locomotor groups. The pixels in each of the eight bins (i.e. colours) were counted using custom-written macros on the number of high-density pixels.
In order to assess whether high apparent density was concentrated or diffuse, we defined a cluster using three criteria: (1) pixels in the cluster had to be in the highest range of the false-colour map (i.e. black), (2) pixels in the cluster had to be adjacent, by sharing at least a side or a corner, and (3) the number of pixels in the cluster had to exceed 1% of the total number of pixels in the articular surface. Counting pixels in a cluster was performed in ImageJ by setting the scale to measure in pixels (i.e. not mm per pixel), using the wand tool to select adjoining black pixels, and then using the measure option. Although the choice of cutoff value (1%) was somewhat arbitrary, it corresponded with qualitative assessments as to what appeared to be a discrete cluster vs. a random scatter. Concentrations were ordinal data, and thus nonparametric Mann-Whitney U -tests were used to evaluate group differences in the number of concentrations.
Statistical significance was assigned when P < 0.05.
Student's t -tests and Mann-Whitney U -tests were performed in SPSS 11.0 (SPSS, Chicago, IL, USA). RMA regression routines and tests were calculated using the program (S)MATR (Falster et al. 2003) .
Results
Relative extent of apparent density
Patterns of subchondral apparent density in the articular surface of the distal radius differed between groups Fig. 2 Maximum intensity projection (MIP) maps for radii superimposed upon 3D virtual reconstructions of the same distal radii. The three images from top to bottom are: a human, representing a bipedal primate; an orang utan (Pongo pygmaeus), representing a suspensory primate, and a gorilla (Gorilla gorilla), representing a quadrupedal primate. Note the relative absence of high apparent density area in the human (black pixels), while the orang utan has an intermediate area in comparison with the human and the gorilla. Also note the tendency for the orang utan and gorilla to exhibit more defined clusters of high apparent density area (black pixels), while the high apparent density area is more dispersed in the human. Images are scaled to the same size for the sake of visual comparisons.
( Table 2 , Figs 2 and 3). Groups with larger articular surfaces exhibited tendencies towards greater area of high apparent density (i.e. black pixels), although this trend was less obvious in suspensory (closed symbols) and bipedal (asterisks) primates than in quadrupedal primates (Fig. 3) . However, even after controlling for potential articular surface size effects (i.e. by comparing percentage maximum pixels), group differences in the extent of high apparent density remained readily apparent (Fig. 4 ).
Quadrupedal primates generally had the most proportionately extensive area of high apparent density, whereas suspensory and bipedal groups exhibited proportionately more articular surface area with lower apparent density, e.g. areas represented by bins 2-5 (Table 2) . When comparing percentages of areas of high apparent density within articular surfaces, suspensory and bipedal primates exhibited significantly smaller areas than quadrupedal primates (Table 3) . Percentage area of high apparent density in bipedal primates was smaller relative to that in suspensory primates, but the difference between the group percentages was not statistically significant (Table 3) . Values are mean (1 SD). Percentages were calculated as the number of pixels in a bin divided by the total number of pixels in the articular surface. Fig. 3 ). The suspensory group exhibited a slope that was not significantly different from isometry, whereas the quadrupedal group exhibited a slope significantly greater than 1 (Table 4) . Thus, there was a positive allometric effect between articular surface size and area of high apparent density among quadrupeds only. Given these differences, it is not surprising that group RMA slopes were heterogeneous (i.e. no common slope existed for bipedal, suspensory and quadrupedal primates) (Test statistic = 8.449, P = 0.010).
Relative concentration of apparent density
Discrete areas of high apparent density in articular surfaces were more numerous in the quadrupedal group (i.e. African apes and monkeys) than in bipedal primates (i.e. humans), whereas suspensory primates (i.e. Pongo and Hylobates ) exhibited an intermediate number (Table 2 ). Paired comparisons of group mean counts revealed that each group showed significant differences in mean concentration numbers from other groups (Table 5) . Schaffler & Burr, 1984; DeRousseau, 1988; Ahluwalia, 2000) . (1). Note that the bipedal group was not compared with the theoretical value for isometry as the relationship between logged maximum pixels and logged total pixels was non-significant.
Discussion
Mean ranks
Mann-Whitney U-statistic P Bipedal vs. Suspensory B = 7.8; S = 14.6 23.0 0.007** Bipedal vs. Quadrupedal B = 8.2; Q = 26.2 27.0 < 0.001** Quadrupedal vs. Suspensory Q = 25.7; S = 15.6 109.5 0.017* *Significant at P < 0.05 (two-tailed); **significant at P < 0.001 (two-tailed).
Table 5
Pairwise comparisons for concentrations of high apparent density area within articular surfaces African apes and monkeys (i.e. quadrupedal primates), which predominantly support their body mass on substrates such that this mass generates a habitual compressive force in the forelimb, collectively exhibited both greater area of high apparent density and more discrete concentrations of these areas as compared with the suspensory and bipedal groups. The significance of this pattern was robust despite substantial differences in the amount of observed intragroup variation. It is noteworthy that individuals within any given taxon, including quadrupeds, were frequently similar in their area of high apparent density (Table 2 , Fig. 2 ). This suggests that interspecific trends are visible despite the likelihood of intraspecific variation due to factors such as age and sex. Understanding the basis of potential intraspecific variation in subchondral density patterns would be worthwhile as modelling and remodelling rates are known to vary with age, while hormonal differences between adult males and females also probably affect material properties of subchondral bone by modulating remodelling rates (Martin et al. 1998 ). Although it is conceivable that variation among quadrupeds could be attributable to having a larger What would seem to be less substantial or absent compressive joint reaction forces, respectively arising from supporting body mass in suspensory and bipedal primates relative to quadrupedal primates suggests that the effect of the joint reaction force due to muscle contraction is isolated more readily in the former two groups. Pongo and Hylobates have massively muscled forelimbs relative to humans (Tuttle, 1972) . Similar proportionate areas of high apparent density in suspensory and bipedal primates, however, indicate that muscle contractile forces may not have a significant impact on subchondral apparent density in the distal radial articular surface, or at least that this signal is less dominant than the signal attributed to compressive joint reaction forces arising from support of body mass on substrates (i.e. weight-bearing). Interestingly, this is counter to the idea that muscle forces have greater contributions than body weight when considering wholebone strength (Frost, 2001) .
Although discussion of a functional signal thus far has emphasized a positive association between the magnitude/frequency of compressive loading of the distal radial articular surface and its apparent density, proximate tissue-level mechanisms (e.g. fluid flow gradients) ultimately must be considered. Consider, for example, Frost's Mechanostat hypothesis in which minimum effective strain (MES) for the remodelling threshold operates via a negative feedback mechanism (Frost, 1990a (Frost, ,b, 2001 Skedros et al. 2001) . When strain magnitude falls below a remodelling threshold, bone turnover is initiated. Increased bone turnover is associated both with higher porosity because Haversian canals become more numerous during remodelling and with new matrix that has a lower mineral content relative to the replaced mature matrix (Martin et al. 1998; Currey, 2002) . Both porosity and mineral content factor into measurements of apparent density. Suppression and initiation of remodelling may even be a local phenomenon within an articular surface. Histomorphometric studies of subchondral bone in the distal radius of these groups, however, are necessary in order to clarify which material properties (e.g. porosity or mineralization) could be most responsible for the observed patterns in apparent density.
Collagen fibre orientation reflects habitual loading regimes in cortical bone (de Margerie, 2002; Skedros et al. 2003) . Collagen fibres are predominantly longitudinal when tensile loads are high and transverse when compressive loads are high. Typically, collagen fibre orientation is determined by observing different opacities in bone thin sections. Collagen fibre orientation, however, was beyond the scope of the present study because CT-OAM, as a radiographic method, does not provide an accurate means of quantifying it. It is at least plausible, however, that collagen fibre orientation could have a role in mediating observed subchondral apparent density differences between the three groups. In early studies of osteoarthrosis (OA), increased apparent density of subchondral bone was proposed to increase stress in the overlying articular cartilage (Radin et al. 1970 (Radin et al. , 1972 . Radin and colleagues suggested that a lack of accommodation to impact stresses over time resulting from the increased stiffness of subchondral bone overwhelmed self-repair mechanisms of the articular cartilage, thus leading to the onset of OA. Subsequent studies of OA pathogenesis have suggested that mineral density of the subchondral cortical plate decreases as bone turnover increases, but that thickness of the subchondral bone plate increases (Grynpas et al. 1991; Burr & Radin, 2003; Bailey et al. 2004 ). In fact, debate continues over whether alterations in subchondral bone precede the initial degeneration of articular cartilage, or whether they occur subsequent to the onset of this degeneration (Carlson et al. 1996; Dequeker & Luyten, 2000; Day et al. 2004; Wang et al. 2005 ). Although our study was not designed to address OA pathogenesis explicitly (cf. DeRousseau, 1988), examining subchondral variability within non-human primates of variable locomotor types helps to address 'the lack of information about joint tissue adaptation and disease [that] has hampered objective studies of osteochondral tissues' (Kawcak et al. 2001) .
Given that the sample was derived from multiple sources, it was not possible to standardize the manner in which radii were harvested from specimens, nor were radii stored under ideal conditions for studying bone material properties (e.g. frozen and/or placed in solution upon harvesting). Nearly all specimens came from a single museum collection, however, which minimized variation in specimen treatment protocol to some extent (Table 1 ). In addition, it is important to note that relatively little intraspecific variation was observed among either the five Pongo or the seven Papio specimens, both of which were represented by specimens from multiple sources and incorporated the full range of FOV values (see Fig. 3 ). The small amount of intragroup variation in these taxa suggests that the functional signal in subchondral apparent density is relatively robust to specimen treatment and slight variations in CT parameters, and that CT-OAM can be applied to specimens from museum collections.
Extending patterns in apparent density of subchondral bone to additional taxa may offer further insights into the nature of joint loading regimes. For instance, investigation of other primate and non-primate taxa would be a worthwhile pursuit, as would be the investigation of additional articular surfaces in these taxa (e.g. 
